In order to promote survival and reproductive success, many nontropical rodents inhibit reproduction well in advance of winter in response to decreasing day lengths. Male prairie voles (Microtus ochrogaster), small temperate zone rodents, vary in their reproductive response to photoperiod. Some male voles undergo complete gonadal regression when housed in short days (responders) whereas others fail to inhibit reproduction when exposed to short (i.e., F12 h light/day) day lengths (nonresponders). Previous research has shown that phenotypic variation in reproductive response is reflected at the level of the hypothalamic gonadotropin-releasing hormone (GnRH) neuronal system. The present study sought to determine if photoperiod or reproductive condition alters pituitary responsiveness to a GnRH challenge. Animals were housed in either long (LD 16:8) or short (LD 8:16) photoperiods for 10 weeks. Subsequently, short-day voles were separated into responders and nonresponders based on testicular size. To reduce the influence of endogenous testosterone on luteinizing hormone concentrations, half of the animals in each group were castrated. All animals were injected (i.p.) with either 100 or 50 ng of GnRH and a blood sample was collected after 15 min. Although castration resulted in a significant increase in LH concentrations (P F 0.05), neither photoperiod nor reproductive condition affected LH concentrations in response to a GnRH challenge (P G 0.05). Taken together, these data support the hypothesis that short photoperiods lead to reproductive inhibition by acting at the level of the hypothalamus rather than the pituitary.
Animals inhabiting temperate and boreal latitudes exhibit numerous seasonal adaptations that promote survival and reproductive success. Among small mammals, cessation of breeding during winter is central among the suite of adaptations to seasonal environmental changes (Bronson and Heideman, 1994; Nelson et al., 1990) . Although several proximate factors can inhibit breeding, the most reliable cue that animals use to phase breeding is photoperiod. Prolonged exposure to short day lengths (Ͻ12.5 h/light/day) induces gonadal regression in many species of small mammals (Bronson and Heideman, 1994; Goldman and Nelson, 1993) . Prolonged exposure to short days leads to diminished gonadotrophin secretion in male mammals that typically breed during long (i.e., summer) day lengths (Jallageas et al., 1994; Swann and Turek, 1988) . Reduced secretion of the gonadotrophins suppresses gametogenesis and steroidogenesis and eventually leads to regression of the reproductive system (Bronson and Heideman, 1994; Goldman and Nelson, 1993; Bartke and Goldman, 1980; Gaston and Menaker, 1967) . Conceivably, short-day-induced reproductive regression reflects changes at any or all levels of the hypothalamo-pituitary-gonadal (HPG) axis.
In general, GnRH immunoreactive (GnRH-ir) cell numbers are increased in discrete brain regions of rodents housed in short days relative to long-day conspecifics (Ronchi et al., 1992; Shiotani et al., 1985; Glass, 1986) . Additionally, the number and density of GnRH-ir fibers extending into the median eminence are increased in animals housed in inhibitory photoperiods (Ronchi et al., 1992; Glass, 1986) . Taken together, these data suggest that inhibitory photoperiods in rodents suppress reproduction, in part, by suppressing GnRH release sufficiently to prevent the maintenance of normal gonadal function.
In addition to acting on the GnRH system, photoperiod may also act to inhibit reproductive function by acting at the level of the pituitary. Both in vivo (Bacon et al., 1981; Boyd, 1987; Khammer and Brudieux, 1991; Pickard and Silverman, 1979; Turek et al., 1977) and in vitro (Jetton et al., 1994 (Jetton et al., , 1991 Steger et al., 1983; Steger and Gay-Primel, 1990 ) studies typically fail to find a suppressive effect of photoperiod or appropriately timed melatonin infusions on the ability of GnRH to stimulate the secretion of the gonadotropins from the anterior pituitary. All of these studies were conducted on rodents with the exception of one study conducted on wild rabbits (i.e., Boyd, 1987) . However, some studies report seasonal or photoperiodic alterations in pituitary sensitivity to GnRH (Horan et al., 1993; Fowler et al., 1992; Martin et al., 1977; Xu et al., 1992) . Studies that find seasonal changes in pituitary sensitivity to GnRH have focused on large mammals, such as ruminants (Fowler et al., 1992; Martin et al., 1977; Xu et al., 1992) , although one study was conducted on black bear (Ursus americanus) (Horan et al., 1993) . The mechanisms that affect seasonal changes in reproductive function are likely to differ between large and small mammals because of differential selection pressure and life history strategies.
Most rodent species exhibit considerable variation in reproductive responses to photoperiod (Nelson, 1987) . The present study examined the mechanisms governing seasonal changes in reproductive function in prairie voles (Microtus ochrogaster), a species that exhibits phenotypic variation in reproductive responsiveness to photoperiod. Prairie voles are seasonally breeding arvicoline rodents inhabiting much of the midwestern United States. A majority of prairie voles inhibit reproduction during the short days of winter or when maintained on short day lengths in the laboratory (Adams et al., 1980; Charlton et al., 1975; Nelson, 1985; Negus et al., 1977; Nelson et al., 1989; Valentine and Kirkpatrick, 1970) . However, in common with several other rodent species (see below), 20-40% of male voles do not undergo reproductive regression in response to short days in most populations (Nelson, 1987) .
The present study sought to determine whether or not the effects of photoperiod or reproductive responsiveness to short day lengths may be modulated, in part, by alterations in pituitary sensitivity to GnRH. The working hypothesis of this study is that photoperiodic effects on pituitary sensitivity to GnRH may have been masked in previous studies by short-day variation in reproductive responsiveness. If altered pituitary sensitivity to GnRH is responsible for the phenotypic dimorphism in responsiveness to photoperiod, then short-day voles that regress their reproductive systems may display reduced pituitary responsiveness to GnRH compared to long-day voles, whereas pituitary responsiveness in short-day nonresponders may resemble long-day animals. Alternatively, both shortday phenotypes may reduce pituitary response to a GnRH challenge relative to long-day voles. Finally, photoperiod may act primarily on the GnRH system and pituitary responsiveness may not be altered by photoperiod. These possibilities were examined in the present study.
MATERIALS AND METHODS

Animals
Eighty adult (Ͼ60 days of age) male prairie voles (M. ochrogaster) were used. Animals were individually housed in polypropylene cages (27.8 ϫ 7.5 ϫ 13.0 cm) in a colony room with a 24 h LD 16:8 light cycle (lights on 0700 h Eastern Standard Time [EST] ) prior to the onset of the study. Temperature was kept constant at 20 Ϯ 1°C and relative humidity maintained at 50 Ϯ 5%. Food (Lab Diet 5001, PMI Nutrition, Brentwood, MO) and tap water were provided ad libitum throughout the experiment.
Experimental Design
The protocol for the experiment is provided in Table  1 . At 60 days of age, animals were either moved to short day lengths (LD 8:16; n ϭ 62) or remained in long days (LD 16:8; n ϭ 18). After 4 weeks, animals were lightly anesthetized with methoxyflurane vapors, the scrotum was dampened with alcohol, and the length and width of their left testis was measured through the scrotum to the nearest millimeter. Testis measurements were continued weekly until the animals were in the photoperiodic conditions for 8 weeks.
Animals in short days were separated into responders and nonresponders based on left testis measurements taken at 8 weeks. Short-day animals were separated into responders and nonresponders based on estimated testis volume (ETV) of the left testis. ETV is positively, linearly correlated with testis weight. ETV was calculated using the following equation (Gorman, 1995; Kenagy, 1979; Watson-Whitmyre and Stetson, 1985) : ETV ϭ Testis Width 2 ϫ Testis Length. Animals with ETVs Ͼ two standard deviations below the mean of long-day animals were considered reproductively responsive. Voles with ETVs within one standard deviation of the mean of long-day animals were considered nonresponders. Animals with an intermediate degree of regression were not used.
To reduce the negative feedback influences of testosterone, after 1 additional week, approximately half of the animals in all groups were castrated. Approximately half of the long-day voles (n ϭ 8) were castrated under sodium pentobarbitol anesthesia, while the other half of the long-day animals (n ϭ 10) received a sham procedure. One-half of the responders (n ϭ 9) were castrated under sodium pentobarbitol anesthesia, while half (n ϭ 9) received a sham procedure. Approximately one-half of the nonresponders (n ϭ 8) were castrated under sodium pentobarbitol anesthesia, while half (n ϭ 9) received a sham procedure. Animals remained in their photoperiodic conditions for 1 additional week after castration (i.e., a total of 10 weeks in photoperiod). At this time, a blood sample was taken from the retro-orbital sinus. One week later, animals were injected with exogenous GnRH (intraperitoneal [i.p.], 100 µg) and a second blood sample was obtained 15 min later to assess luteinizing hormone (LH) concentrations. One week later, animals were injected with a second dose of GnRH (50 µg) and a third blood sample was obtained 15 min later to assess LH concentrations.
We elected not to bleed the animals at the point when GnRH was injected to avoid the rapid effects of stress/glucoprivation on LH concentrations before the GnRH injection (e.g., Tohei et al., 1997; Briski, 1996) . After approximately 6-7 weeks in short days, small rodents do not exhibit significant week-to-week changes in luteinizing hormone or follicle-stimulating hormone concentrations until they become refractory to short day lengths and undergo spontaneous recrudescence of their reproductive system (e.g., Turek et al., 1975; Kirby et al., 1993; reviewed in Turek and Van Cauter, 1994) . Thus, if LH concentrations in short-day voles follow the pattern seen in other rodent species, then it is unlikely that the baseline sample used in our study would have been different from a sample collected at the point when GnRH was injected. Likewise, because animals were bled at the same time for the baseline sample and the post-GnRH sample, circadian differences in LH values are unlikely. Data are presented and analyzed based on samples relative to both baseline and absolute LH concentrations after GnRH injections.
Luteinizing Hormone Assay
Luteinizing hormone concentrations were measured by a heterologous double-antibody radioimmunoassay (Craven and Clarke, 1982) . Antiserum to rat LH, reference preparations, and rat LH for iodination were 
Statistical Analysis
Testes data were analyzed using a two-way (photoperiod ϫ reproductive condition) repeatedmeasures ANOVA. LH data were analyzed using a three-way (photoperiod ϫ reproductive condition ϫ castration status) ANOVA. Planned comparisons were used where appropriate. Group differences were considered statistically significant if P Ͻ 0.05.
RESULTS
Estimated testis volumes for weeks 4 through 8 of the study are presented in Fig. 1 . Overall, both longday animals and short-day nonresponders had significantly larger ETVs than short-day responders (P Ͻ 0.05). Without regard to week of measurement, short-day nonresponders had significantly larger ETVs than long-day animals (P Ͻ 0.05). Each group was randomly separated into animals that would be castrated or receive a sham surgery. Animals selected to be castrated in each group did not differ in ETV from animals selected for the sham surgery in the same group (P Ͼ 0.05 in each case). Individual group comparisons are presented in Fig. 1 .
For the baseline sample, castration resulted in a significant increase in basal LH concentrations in all groups (i.e., long-day animals, short-day responders, and short-day nonresponders, P Ͻ 0.05; Fig. 2 ). In Figs. 3 and 4, baseline LH concentration and LH concentration following the GnRH challenge are presented. Both the 50-and the 100-ng dose of GnRH led to a significant elevation in LH concentrations over baseline in intact (P Ͻ 0.05 in each case) but not castrated (P Ͼ 0.05) animals. There were no differences among groups in post-GnRH LH concentrations after the 50-or the 100-ng dose (P Ͼ 0.05 in each case). The increase in LH above baseline in response to a GnRH challenge was calculated by dividing the LH concentration obtained after the GnRH injection by the LH concentration   FIG. 1 . Estimated testis volume (ETV; ϮSEM) for weeks 4 through 8 of prairie voles held in either long (LD 16:8) or short (LD 8:16) day lengths. Animals held in short days are separated into responders (R) and nonresponders (NR) based on ETV. *Significantly greater than both long-and short-day responsive voles (P Ͻ 0.05). †Signifi-cantly greater than short-day responsive voles (P Ͻ 0.05). (LD 16:8) or short (LD 8:16) day lengths for 10 weeks. Animals held in short days are separated into responders (R) and nonresponders (NR) based on ETV. *Significantly greater than intact animals (P Ͻ 0.05).
FIG. 2. Baseline (ϮSEM) LH concentrations of voles maintained in either long
FIG. 3. Baseline (ϮSEM) concentrations of LH and LH (ϮSEM)
concentrations after a 100-ng dose of GnRH in voles maintained in either long (LD 16:8) or short (LD 8:16) day lengths for 10 weeks. Animals held in short days are separated into responders (R) and nonresponders (NR) based on ETV. *Significantly less than baseline samples from intact animals (P Ͻ 0.05).
FIG. 4. Baseline (ϮSEM) concentrations of LH and LH (ϮSEM)
concentrations after a 50-ng dose of GnRH in voles maintained in either long (LD 16:8) or short (LD 8:16) day lengths for 10 weeks. Animals held in short days are separated into responders (R) and nonresponders (NR) based on ETV. *Significantly less than baseline samples from intact animals (P Ͻ 0.05).
FIG. 5. LH concentrations (divided by baseline concentrations;
ϮSEM) 15 min after a 100-ng GnRH challenge in voles maintained in either long (LD 16:8) or short (LD 8:16) day lengths for 10 weeks. Animals held in short days are separated into responders (R) and nonresponders (NR) based on ETV. *Significantly less than intact animals (P Ͻ 0.05).
FIG. 6. LH concentrations (divided by baseline concentrations;
ϮSEM) 15 min after a 50-ng GnRH challenge in voles maintained in either long (LD 16:8) or short (LD 8:16) day lengths for 10 weeks. Animals held in short days are separated into responders (R) and nonresponders (NR) based on ETV. *Significantly less than intact animals (P Ͻ 0.05).
obtained at baseline (Figs. 5 and 6) . Photoperiod or reproductive condition did not affect LH concentrations in response to a 100-ng dose of GnRH (P Ͼ 0.05; Fig. 5) . A significantly smaller increase in LH concentrations above baseline was seen in castrated animals relative to intact voles after a 100-ng GnRH challenge (P Ͻ 0.05; Fig. 5 ). Similar results were obtained after a 50-ng GnRH challenge. Photoperiod or reproductive condition did not influence LH concentrations in response to the 50-ng dose of GnRH (P Ͼ 0.05; Fig. 6) . As with the 100-ng dose of GnRH, a significantly smaller increase in LH concentrations above baseline was observed in castrated voles compared to intact animals (P Ͻ 0.05; Fig. 6 ).
DISCUSSION
In agreement with previous studies (e.g., Kriegsfeld and Nelson, 1999) , voles exposed to short photoperiods display differential reproductive responsiveness to short day lengths. However, the results of the present study suggest that short-day-induced reproductive regression in prairie voles is not modulated by pituitary sensitivity to GnRH. Likewise, differential reproductive responsiveness to short day lengths is not related to differential pituitary responsiveness to GnRH in prairie voles. A smaller increase in LH concentrations above baseline was observed after GnRH injections in castrates than in intact animals, presumably because of the high baseline LH values obtained in castrated voles.
Previous studies in rodents indicate that the effects of photoperiod and reproductive responsiveness to short day lengths are regulated at the level of the hypothalamus. In prairie voles, short-day responders exhibit increased GnRH cell numbers in the preoptic area/anterior hypothalamus relative to long-day animals, while short-day nonresponders resemble longday, reproductively competent voles. Likewise, fiber staining intensity in the median eminence is increased in short-day responsive voles relative to both shortday nonresponders and long-day animals (Kriegsfeld and Nelson, 1999) . Presumably, this increase in cell numbers observed in responders, along with increased fiber staining in the median eminence, is indicative of inhibited GnRH release, with unchanged production, leading to increased cellular GnRH peptide. Similar results were observed in deer mice (Peromyscus maniculatus) displaying differential reproductive responsiveness to short photoperiods (Korytko et al., 1995) .
As previously mentioned, most studies on pituitary sensitivity to GnRH fail to find an effect of photoperiod in small seasonally breeding mammals (Bacon et al., 1981; Boyd, 1987; Khammer and Brudieux, 1991; Pickard and Silverman, 1979; Turek et al., 1977; Jetton et al., 1994 Jetton et al., , 1991 Steger et al., 1983; Steger and Gay-Primel, 1990 ). Our initial suspicion was that the failure of earlier studies to find an effect of photoperiod on pituitary responsiveness to GnRH was due to treatment of short-day animals as a homogeneous group, despite the probability that the short-day groups of previous studies likely contained a subset of nonresponders. A number of rodent species display phenotypic variation in reproductive responsiveness to photoperiod, including Siberian hamsters (P. sungorus) (Kliman and Lynch, 1992) , deer mice (P. maniculatus) (Desjardins et al., 1986) , meadow voles (M. pennsyvanicus) (Donham et al., 1989) , and white-footed mice (P. leucopus) (Heideman and Bronson, 1991) , suggesting that this hypothesis was a likely possibility. However, the results of the present study, along with data from previous studies investigating the GnRH system, suggest that short day lengths modulate reproductive function by acting to decrease circulating GnRH concentrations and that further modulation at the level of the pituitary is not necessary for reproductive quiescence.
Future studies are necessary to determine the extent to which gonadal sensitivity to the gonadotrophins may be responsible for mediating the effects of photoperiod and reproductive responsiveness to photoperiod in prairie voles. Likewise, because variables in addition to photoperiod that influence reproduction are likely to be acting on animals in their natural environment during winter, studies that systematically manipulate other extrinsic factors (e.g., temperature, food quantity and quality) are necessary to determine the role of each factor independently as well as the interactions among variables in modulating reproductive function. In the present study, neither photoperiod nor reproductive condition affected pituitary responsiveness to GnRH. However, it is possible that a combination of other inhibitory extrinsic factors, in addition to short photoperiods, may lead to altered pituitary responsiveness and differential effects on the GnRH system.
